Abstract This work studies the electrodeposition of aluminium-copper alloy on highly pure gold substrates in 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-sulfonyl) imide ([BMP] 
Introduction
The wide use of aluminium and aluminium alloys has steadily increased during the last decades as the excellent coating properties of Al deposits on the metallic surfaces. Electrodeposition of adherent and heat resistant aluminium and its alloys from Lewis acidic chloroaluminate ionic liquids, which aluminium can be only deposited, has been widely investigated at room temperatures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, many researches have been done for the electrodeposition of copper and copper alloys using the same chloroaluminate liquid [11] [12] [13] [14] . The electrodeposition of copper in Lewis basic chloroaluminate ionic liquids has also been reported [15] . Al or Al-Cu alloy cannot be electrodeposited from the basic chloroaluminate liquids. The electrodeposition of copper can also be obtained from similar systems such as a basic 1-ethyl-3-methylimidazolium tetrafluoroborate and a Lewis acidic Zn containing chloroaluminate ionic liquids at room temperature [14, 15] . Furthermore, the electrodeposition of different metals and alloys such as Pd-In [16] and In-Sb [17] are investigated in tetrafluoroborate ionic liquids. In addition, the electrodeposition of Al in ionic liquids based on more hydrophobic anions such as Tf 2 N À anion has attracted more attention in the last years. Several works have studied the electrodeposition of Al [18] [19] [20] [21] , Nb [22] , Pb [23] , Zn and Mn [24] [25] . Pd electrodeposition was also investigated in [BMP] cation based ionic liquids [26, 27] .
The pyrrolidinium cations in contrast to imidazolium cations lead to nanocrystalline Al deposits, it seemed of interest to show further light on this subject, as I do here, that the deposits are also nanocrystalline. As a first step of this work, due to the limited solubility of copper salts in the [BMP] 
Experimental
The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-sulfonyl) imide ([BMP]Tf 2 N) was purchased from Io.Li.Tec. (Ionic Liquid Technology) in the highest available quality. The liquid was dried under vacuum for 12 h at 100°C, to water content below 3 ppm (by Karl-Fischer titration) and stored in an argon filled glove box, with water and oxygen levels below 1 ppm (OMNI-LAB from VacuumAtmospheres). Anhydrous AlCl 3 (Alfa, 99.999%) (without further purification) was used as a source of aluminium ions. The ionic liquid preparation as well as the electrochemical measurements are performed in the glove box using a VersaStat TM II Potentiostat/Galvanostat (Princeton Applied Research) controlled by PoIrCV and PoIrStep software. Highly pure gold substrates from Arrandee (gold films of 200-300 nm thickness deposited on chromium-covered borosilicate glass) and copper sheets of thickness 0.5 mm (Alfa, 99.99%) are used as working electrodes, respectively.
Prior to use, the gold substrates are very carefully heated in a hydrogen flame to red glow, pure Al-ware (Alfa, 99.999%) of 0.5 cm diameter and Al-sheet are used as reference (RE) and counter electrodes (CE), respectively. They are mechanically polished to remove the oxide film, rinsed with acetone and dried under vacuum [19, 20] . Pure copper wires (Aldrich, 99.999%) were used as counter and reference electrodes; meanwhile pure Cu sheets (Alfa, 99.999%) were used as working electrode. In order to avoid the contamination, two compartment electrochemical cells connected through an ionic liquid salt bridge were used for the anodic oxidation of copper [28] .
High-resolution scanning electron microscope (HR-SEM) (Carl Zeiss DSM 982 Gemini) was utilised to investigate the surface morphology of the deposited layers and energy dispersive X-ray (EDAX) analysis was used to determine the film composition. The X-ray of the deposits is acquired by a Siemens D-5000 diffractometer with Co K a radiation.
Results and discussion
Electrodeposition of Al-Cu alloy in 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-sulfonyl) imide [BMP]Tf 2 N ionic liquid is presented. 1.8 M AlCl 3 was used as the aluminium ion source. Unfortunately, copper salts have limited solubility in the [BMP]Tf 2 N ionic liquid. For this purpose, copper ions can only be introduced into the ionic liquid by anodic dissolution of pure Cu metal. As a first part, anodic dissolution of Cu in the AlCl 3 based ionic liquid (that is the upper phase of the mixture: AlCl 3 -[BMP]Tf 2 N) was performed. Unfortunately, no oxidation of copper was obtained even at elevated temperature [28] .
As the cyclic voltammogram of the mixture at 100°C (after the attempts to dissolve Cu) is quite similar to that of the original AlCl 3 Al/Al (III) for 2 h holds only in the presence of aluminium, see Fig. 2 . A possible reason might be that the surface of the copper sheet was strongly passivated by the AlCl 3 containing liquid. It can be concluded that, there is no chance in this case for copper ions to be introduced into the mixture under the above mentioned conditions. In order to exclude the effect of AlCl 3, the anodic dissolution of the copper metal was directly performed in the pure [BMP]Tf 2 N ionic liquid. For this purpose, a current of 1.3 mA was applied on the freshly polished and cleaned Cu sheet in the ionic liquid. The results reveal that 39 mM Cu + ion content (as calculated from Faraday's law by weight loss of pure Cu sheet) can be only introduced into the liquid at room temperature after applying the Cu oxidation current for several days. However, increasing the temperature of the anodic dissolution reaction up to 100°C, the copper metal ion concentration in the pure [BMP]Tf 2 N ionic liquid was increased considerably to about more than 100 mM in only a few hours. The ionic liquid turned from colourless to pale orange colour with increasing the duration of the reaction. After the successful anodic dissolution of Cu in [BMP]Tf 2 N, 1.8 M AlCl 3 was added to the Cu + containing liquid [28] . Figure 5 (a-c) EDAX profile for the area is shown in the SEM micrographs. Fig. 3(a) shows the cyclic voltammogram of the upper phase of the biphasic mixture of AlCl 3 -Cu + -[BMP]Tf 2 N mixture on gold substrate at two temperatures: 25 and 100°C. At a potential of 0.38 V vs. Al/Al (III), a small reduction peak appears, which looks sharper at 100°C. This peak is mainly correlated to the deposition of Cu, as applying a potential of 0.4 V for 2 h at 100°C gives a light brown deposit. EDAX analysis of this deposit (Fig. 5a) shows that it is Cu with a small amount of Al (from under potential deposition of Al). The sharp increase of the current at a potential of À1 V is correlated to the bulk deposition of Al. The anodic peaks observed in the reverse scan of the cyclic voltammograms are due to the partial stripping of both Al and Cu deposit. The available data show that Al and also Cu are passivated in well-dried liquids containing the Tf 2 N anion. The oxidation of Al is dependent on the available anions, which can create a complex or solvated Al (III) species. However, at 150°C, where AlCl 3 can be dissolved up to 6.0 M in [BMP]Tf 2 N, the ratio of anodic to cathodic charge is still below 1 [19, 20] .
The Al-Cu electrodeposits obtained at the two different temperatures are investigated by scanning electron microscopy (SEM). Visually, the deposits appear to be shiny and well adhering to the gold substrate. Fig. 4(a-c) show SEM micrographs of Cu, Al-Cu and Al layers on gold substrate electrodeposited potentiostatically at 25 (a-c) and 100°C (a'-c') at potentials of 0.4, 0.0 and À1.2 V vs. Al/Al (III), respectively, for 2 h. The average grain size of Cu, Al-Cu and Al films is estimated to be 0.147 lm, 1 lm and 8.5 lm, respectively. The electrodeposits obtained at 25 and 100°C are fine for Cu and coarse for Al, as also observed by visual inspection. This is not too surprising since during the electrodeposition of metals and alloys, internal or residual stress almost always appears. The stress can originate from intrinsic film stress and from interfacial stress between the deposit and substrate. Generally, this may be attributed to some factors such as coalescence of the crystallites, inclusion of foreign species or structural defects [19, 20, 28] . Fig. 5 shows the EDAX profile of Cu, Al-Cu and Al films shown in Fig. 4(a'-c') . I clearly had seen that the EDAX profile in Fig. 5(a) shows a clear peak for Cu metal which maybe some under potential deposition of Al. Furthermore, at a potential of 0.0 V a sharp peak of Al and short peak of Cu appeared. At over potential deposition of Al (À1.2 V) a strong sharp peak of Al is observed with no clear peak of Cu. The observation also reveals that throughout the long anodic dissolution of copper in [BMP]Tf 2 N liquid, the liquid gets turbid especially at elevated temperatures. It has beeb reported that the Tf 2 N anion is subject to a cathodic decomposition under mild electrochemical conditions [28, 29] .
Conclusions
In the present paper the electrodeposition of Al and/or Cu alloys at Au substrates from [BMP]Tf 2 N ionic liquid at variable temperatures was described. No significant amount of Cu ions can be obtained in the AlCl 3 containing ionic liquid by the anodic dissolution of Cu sheet even at elevated temperatures. Whereas anodic dissolution of Cu in the pure ionic liquids [BMP] Tf 2 N at room temperature gave a low concentration of Cu + ions into the solution which considerably increases with increasing the temperature of the anodic dissolution reaction. Hence, AlCl 3 (1.8 M) was added to the Cu + containing liquid. Interestingly, the grain sizes of Cu and AlCu deposits are in the nanosize regime.
